We have investigated the transport properties of the quaternary Heusler alloys Co 2 MnSi 1-x Al x (0 x 1), which have been theoretically predicted to develop a half-metallic band structure as x ! 0. Resistivity versus temperature measurements as a function of Al concentration (x) revealed a systematic reduction in the residual resistivity ratio as well as a transition from weakly localized to half-metallic conduction as x ! 0. From measurements of the ordinary and anomalous Hall effects, the charge carrier concentration was found to increase, while the anomalous Hall coefficient decreased by nearly an order of magnitude with each sample as x ! 0 (Dx ¼ 0:25.). Scaling of the anomalous Hall effect with longitudinal resistivity reveals that both the skew-scattering and intrinsic contributions grow quickly as x ! 1, indicating that disorder and band-structure effects cause the large anomalous Hall effect magnitudes observed for Co 2 MnAl. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
The quinternary full-Heusler compound Co 2 (Cr 1-y Mn y ) (Si 1-x Al x ) with the L2 1 crystal structure has proved to be a useful system to investigate the optimization of half-metallic behavior through doping. 1 A particularly interesting subset of this class of compounds is obtained with y ¼ 1 and a variable Al concentration, Co 2 MnSi 1-x Al x . Theoretically, it is expected that, as x increases from 0 to 1, the Fermi energy (E F ) will shift within the minority spin band from the center of a relatively wide gap ($0.6 eV) to the upper edge of the valence band. Recently, this shift was observed in the tunneling conductance (G-V) measurements of magnetic tunnel junctions (MTJs) composed of B2-ordered epitaxial films having different Al concentrations (x). 2 Several desirable properties are found in the full-stoichiometric compounds. Co 2 MnSi (x ¼ 0) is well-known for its potential use in spintronic applications. It has an extremely high Curie temperature of $1000 K, 3, 4 and produces giant tunnel magnetoresistance ratios (TMRs) when used as an electrode in MTJs. 5 The compound Co 2 MnAl (x ¼ 1) has not been predicted to be fully spin-polarized; however, its high Curie temperature of $700 K, 3, 6 combined with its large anomalous Hall effect (AHE), 7 has redeemed it as a valuable material for Hall effect sensors in automotive applications. 8 In light of the above mentioned potential applications of the full-stoichiometric compounds, it is worthwhile to investigate the physical properties of Co 2 MnSi 1-x Al x as a function of Al content. The dependence of the magnetic and structural properties of Co 2 MnSi 1-x Al x on Al content has been previously investigated. 3, 9, 10 Notably, in Ref. 3 , it was shown that the bulk polycrystalline series follows the Slater-Pauling rule, as predicted by the theory of spin-polarization in Heusler alloys. 11 This rule relates the total number of valence electrons in a unit cell to the total saturation magnetization in units of Bohr magnetons per formula unit, meaning that the magnetization can be precisely controlled by tuning the value of x.
Since Co 2 MnSi 1-x Al x is predicted to have spin-polarized charge carriers, carrier-dependent magnetotransport measurements should provide insight into interesting electrical conduction properties when the Fermi level is systematically shifted through majority/minority bands by doping. A particularly revealing phenomenon, and therefore an important tool, is the Hall effect, whose ordinary and anomalous contributions contain terms sensitive to the details of the Fermi surface. 12, 13 Indeed, it has been theoretically shown that Co 2 MnAl may exhibit a fully spin-polarized Hall current despite its only partially spin-polarized band structure.
14 Therefore, this study includes measurements of the magnetoresistance (MR) and the Hall resistivity of bulk polycrystalline Co 2 MnSi 1-x Al x (x ¼ 0, 0.25, 0.5, 0.75, and 1) as a function of temperature and applied magnetic field. Interestingly, an applied field did not generate a detectable Hall voltage in Co 2 MnSi (x ¼ 0). Moreover, negligible field response was observed in the MR for all x, other than the small artifacts leaked in by the Hall effect due to slight lead misalignments. The absence of MR in Co 2 MnSi is consistent with previous observations in single-crystals 15 and probably indicates negligible spin-disorder scattering.
II. EXPERIMENTAL DETAILS
Bulk Co 2 MnSi 1-x Al x (x ¼ 0, 0.25, 0.5, 0.75, and 1) samples were synthesized by rf-induction melting in a 4N purity Ar atmosphere. The polycrystalline samples were annealed at 1100 C for 3 days and then at 600 C for an additional 5 days. X-ray powder diffraction was used to confirm that the L2 1 phase was obtained in all samples and that there were no impurity phases (see Fig. 1 ). The linear dependence of the lattice constant (a) with Al content (x) was determined from the shift in the L2 1 220 peak. This is in agreement with Vegard's law 16 and suggests that a homogenous distribution of Si/Al was achieved throughout the bulk. Magnetization data were collected with a Quantum Design Magnetic Properties Measurement System (MPMS) SQUID magnetometer with magnetic fields between B ¼ 67 T and in the temperature range T ¼ 2 to 400 K. Resistivity measurements were performed at temperatures between 2 and 400 K in applied magnetic fields between 69 T using a standard four-wire technique with a QD PPMS equipped with the AC transport option. Sample cuts of approximately 2.5 Â 1.5 Â 0.4 mm 3 were taken from the interior of the ingots, polished, and then sonicated in acetone for 1 h before attaching 2 mil Pt leads with EPOTEK silver epoxy. Excitation currents used were typically 10 mA with a measurement frequency of 31 Hz.
III. RESULTS AND DISCUSSION

A. Temperature dependent resistivity
Resistivity versus temperature curves for Co 2 MnSi 1-x Al x measured in zero field and normalized by their values at 2 K are shown in Fig. 2 . The most obvious feature is the remarkably high residual resistivity ratio (RRR) of $4.5 for Co 2 MnSi, in sharp contrast to the others in the series which display a relatively small, systematically decreasing RRR with increasing Al content. In fact, the measured residual resistivity of $3 lX cm for the polycrystalline Co 2 MnSi compares well with reported values for single crystal boules ($2.5 lX cm) 17, 18 and epitaxial films ($15 lX cm). 19, 20 A high RRR value and lX cm-range resistivity signify a low level of temperature independent scattering due to sources such as dislocations, impurities, or grain boundaries. Doping naturally introduces disorder; however, it is not believed that this has induced a significant phase separation into the A2 phase. If this were the case, we would not expect to see such a close agreement with the Slater-Pauling rule or Vegard's law. Even so, Heuslers containing Al are known to possess a higher degree of anti-site disorder due to an exchange of atoms on the Mn-Al sites (B2 structure) 6, 21 and, since all of our samples were annealed at the same temperature (600 C), the trend in RRR may be a reflection of the monotonically decreasing order-disorder (L2 1 -B2) phase transition temperature with increasing Al content ($670 À 1300 C). 3 Hence, it is likely that some B2-disorder is present in our samples, and that this disorder increases systematically for each sample as x ! 1 (Dx ¼ 0:25). A minimum in the resistivity is found at 25, 30, 30, 40, and 50 K for samples with x ¼ 0, 0.25, 0.5, 0.75, and 1, respectively, and for samples with x ! 0:5 it is followed by an upturn at low temperature. This is a common feature reported for many Heusler alloys and is typically attributed to disorder enhanced coherent backscattering of conduction electrons, a mechanism known as weak localization. 22 Indeed, below the resistivity minimum we find excellent agreement with the ÀT 1=2 power law predicted for 3D disordered metals (see Fig. 3 ). Nonetheless, the weak localization theory predicts that these upturns may be suppressed by the application of a magnetic field, a behavior which could not be verified due to the interference of a large anomalous Hall effect contribution, to be discussed later.
Above the resistivity minima, we observed conduction behavior ranging from metallic (x ¼ 0) to semiconducting (x ¼ 1). For the x ¼ 0 and 0.25 samples, a linear T-dependence is followed from $100 K to room temperature indicating that the resistivity is dominated by electron-phonon scattering in this range. Between about 50 K and 100 K, the x > 0 samples can be best fitted to a $ T 2 temperature dependence as seen in Figs. 3(a)-3(e) . Two theories which predict a quadratic temperature dependence are Fermi-liquid theory (electronelectron scattering) and single-magnon scattering (a spin-flip process). The latter is usually deemed forbidden in half-metal ferromagnets due to the lack of minority-spin charge carriers (a notable exception is an anomalous single-magnon mechanism, which predicts a T process with a $T 9=2 dependence at low temperature and $T 7=2 at higher temperatures. 24, 25 However, band structure calculations of Co 2 MnSi 1-x Al x do predict that a small fraction of minority-spin carriers exist at the Fermi level for x > 0, which may facilitate the single-magnon process. In contrast, Fig. 3(e) shows a linear least-squares fit of q T ð Þ À qð2KÞ versus T 7=2 for Co 2 MnSi, where we can see that this temperature dependence is followed quite well, from just above the resistivity minimum up to $115 K.
B. Magnetoresistance and the Hall effect
The Hall resistivity curves as a function of magnetic field for Co 2 MnSi 1-x Al x at 2 K for x 6 ¼ 0 are shown in Fig. 4 . The data are comprised of two distinct field regions separated by a knee representing the perpendicular saturation field of the magnetization. The linear, low-field region (B ¼ 0 to $1 T) of the Hall resistivity is due to the AHE, while the high field region, with a much smaller, negative slope, is due to the ordinary Hall effect. 26 Empirically, the total Hall resistivity can be expressed as
where R 0 is the ordinary Hall coefficient, R s is the anomalous Hall coefficient, M is the magnetization, and l 0 is the vacuum permeability. The slope and y-intercept of the linear fit of q H /B vs. l 0 M/B are R s and R 0 , respectively. For consistency, the Hall effect and magnetization experiments were performed on the same samples, and under identical temperatures and field orientations. The average of the positive and negative field q H data was used to remove any longitudinal component of the resistivity. Both sets of data were then used in conjunction with Eq. (1) to extract the Hall coefficients (see inset of Fig. 4) . In this way, we were able to avoid an overestimation of these parameters since the magnetization does not saturate at high field ($7 T). The temperature dependent charge carrier densities (n) and carrier type (electrons or holes) can then be determined by series, based on the correlation between the q 0 values and n. We also note that the formula used above is derived from a single-band model, which cannot treat the situation where electrons and holes coexist. The upper-right inset of Fig. 6 shows R s ðTÞ=R s ð300 KÞ versus T in order to highlight the differences between the temperature-dependent behaviors throughout the series. The temperature dependence of R s originates from the T-dependence of the longitudinal resistivity, and they are related to each other by
where q xx ¼ q xx0 þ q xxT , and q xx0 and q xxT are the residual and temperature-dependent resistivities, respectively. The value of the exponent can be used to elucidate the dominant scattering mechanism in the material: b ¼ 1 corresponds to asymmetric spin-orbit scattering (skew-scattering), and b ¼ 2 corresponds to side-jump processes and intrinsic band structure effects. b has been observed to take non-integer values, depending on the quality of the metal and degree of conductivity. Since one or more of these mechanisms may contribute to the total AHE, their relative contributions are typically found by fitting to the relation,
where a and b are weighting coefficients associated with the scattering of b ¼ 1 and 2, respectively. If the skewscattering term aq xx is then replaced by a 0 q xx0 þ a 00 q xxT , Eq. (3) can be used to distinguish defect (i.e., residual) from temperature-dependent scattering. 27 In Heusler alloys, this detailed analysis may be necessary due to the fact that their spin-polarized band structures are highly sensitive to antisite disorder, linking their RRR values directly to any intrinsic contributions to R s , as well.
Studies of this type involve systematically varying q xx0 in a set of samples with the same nominal composition, which is beyond the scope of this paper. However, we can interpret our data based on an analysis by Vidal et al., 28 which addresses some of these concerns. After substituting the full expression for q xx into Eq. (3) and rearranging terms, we can express the anomalous Hall coefficient as a sum of temperature-dependent and -independent parts,
where q AHE; 0 ¼ aq xx0 þ bq 2 xx0 is the residual anomalous Hall resistivity. By plotting q xxT versus R s , the data can be fitted to a quadratic equation. Using the values of q xx0 obtained earlier, the scattering parameters a and b can now be extracted.
Although it is still a matter of debate how disorder and weak-localization affect the scaling of the AHE, Fig. 6 shows that the data are still well fit by Eq. (4) throughout the measured temperature range. Recall that the x ¼ 0:5, 0:75, and 1 samples all exhibit a ÀT 1=2 temperature dependence of their resistivity below $50K. In the case of x ¼ 0:5 and 0:75, this region accounts for $1:3% and $10% of the overall change in resistivity between 2 and 300 K, respectively. However, in the case of x ¼ 1 (Co 2 MnAl) where this region accounts for $7:5% of the resistivity change, the value of q xx0 is also well above the so-called "Mooij criterion," q xx0 ffi 150 lX cm, a qualitative threshold above which e-e interactions reverse the sign of the temperature coefficient of resistance from positive to negative, and weak-localization effects extend to higher temperatures. 22 A sign of the failure of the scaling relation for this sample (x ¼ 1) is the drastically different temperature dependences of q xx and R s .
In Fig , respectively. These values are similar to those obtained for the Heusler alloys Co 2 Fe(Si, Al). 29 However, as the Al concentration increases to 0.75, a crossover occurs where both the intrinsic and skew-scattering contributions to the AHE rise dramatically to $10 À3 (lX cm) À1 and $10 À1 T
À1
, respectively. This is also reflected in the increased curvature of the DR s versus Dq xxT plot of the x ¼ 0:75 data. The trend is consistent with recent theoretical predictions that the intrinsic Berry phase contribution should be very large in Co 2 MnAl but rather small in Co 2 MnSi. 12 This may also be why we were unable to detect an AHE signal in Co 2 MnSi but were able to observe extremely large magnitudes in would become much smaller and the intrinsic contribution would dominate. This would be interesting because then a baseline could be acquired for a systematic study of the effects of disorder on a material with a prominent intrinsic AHE.
IV. CONCLUSIONS
We have explored the electrical transport properties of the quaternary Heusler alloys Co 2 MnSi 1-x Al x (x ¼ 0, 0.25, 0.5, 0.75, and 1), and found trends that are consistent with a transition, which occurs across the series, from a partially spin-polarized compound with a large AHE (x ¼ 1), to one with the temperature-dependent resistivity of a half-metallic ferromagnet (x ¼ 0). The resistivity exhibits a transition in temperature dependence below $100 K from a $ T 7=2 power law for x ¼ 0, to a $ T 2 power law for x ¼ 0:25, followed by a À T 1=2 power law for x ! 0:5, which are due to high-T double-magnon scattering, Fermi-liquid e-e interactions (or single-magnon scattering), and coherent back-scattering (i.e., weak-localization), respectively. The residual resistivity at T ¼2 K increases with increasing Al content, likely reflecting the increase in the L2 1 /B2 order-disorder transformation temperature which occurs with increasing Si content, resulting in a higher degree of B2 disorder as the Al content is increased. Finally, we have shown that the growth of the AHE with increasing Al content is caused by a systematic increase in both the extrinsic and intrinsic scattering mechanisms.
